Introduction
[2] The global ocean circulation cannot be visualized in one single figure, because it is three dimensional in space and changing with time. The meridional overturning stream function is one of the most common diagnostics of the meridional-vertical circulation, and captures a large part of both the thermohaline circulation and the wind driven circulation. It displays the meridional transport below a specified depth over an entire basin, or as in the atmosphere, all around the world.
[3] Meridional-vertical overturning cells in the ocean were simulated with the very first numerical ocean general circulation models [e.g., Bryan and Cox, 1967] , and in greater detail with the first coupled ocean-atmosphere models [Wetherald and Manabe, 1972] . One of these cells was the Deacon Cell in the Southern Ocean. It is shown in Figure 1 as calculated from the global ocean model OCCAM. It apparently downwells 20 Sv to a depth of up to three thousand meters at around 40°S, with the corresponding upwelling further south, closer to Antarctica. The existence of downwelling north of the Antarctic Circumpolar Current (ACC) and upwelling south of the current, with a subsurface southward return flow in compensation to the northward Ekman flow, was originally suggested by Deacon [1937] on the basis of the results of the Challenger Expedition. The deep overturning cell was therefore named the Deacon Cell by K. Bryan (personal communication, 2003) , and first mentioned by Bryan [1991] and England [1992] . Deacon [1937] , however, only suggested that there is a subsurface return flow, not a deep cell extending well below the thermocline, as the streamlines suggest in Figure 1 .
[4] At first, modelers assumed that the Deacon Cell involved deep downwelling and upwelling of actual water particles in the models. However, this was difficult to reconcile with the prevailing strong stratification, since it would imply very strong diapycnal flow, at least in the downwelling branch, as seen around 40°S in Figure 1 . One suggestion was that this diapycnal flow was an artifact of coarse model resolution [England, 1992] , and another one that the deep downwelling was concentrated in certain locations [Bryan et al., 1988] .
[5] It was then realized by Döös [1994] and Döös and Webb [1994] that a deep overturning cell can exist without deep downwelling of actual water particles, and hence without a strong diapycnal flow. By performing the zonal integration along the isopycnals, instead of along surfaces of constant depth, they could calculate the diapycnal flow directly. They found that it was only a few Sverdrups, although the amplitude of the Deacon Cell was 15 Sv in their model. They suggested that the Deacon Cell is mainly a horizontal projection of gyre circulation along isopycnals that slope in the east-west direction. Later, Nycander et al. [2002] have also suggested that some of the Deacon Cell may be due to a core region in the ACC, where trajectories are trapped during several circuits around Antarctica.
[6] A popular way of understanding the difference between the zonally averaged mean flow (containing the Deacon Cell) and the pathways of actual water particles is to regard it as a result of eddy correlations [Marshall, 1997; Marshall and Radko, 2003; Hallberg and Gnanadesikan, 2006; Treguier et al., 2007] . Obviously, the fact that the diapycnal flow almost vanishes when density coordinates are used means that the diapycnal component of the zonal mean flow must be canceled by the eddy contribution. A problem is that this cancellation may be caused by either transient or stationary eddies; moreover, the transient eddies can be anything from seasonally varying gyre circulation to resolved mesoscale eddies.
[7] In the present study we will not try to separate the mean flow from the eddies, and instead focus our attention on the geometrical structure of the Deacon Cell.
[8] While Döös and Webb [1994] showed that the isopycnal flow produces a fictive downwelling from the surface of the ocean down to a depth of several thousand meters, they did not show how and where this happens. A possible explanation for this is provided by the simple analytic model of Döös [1994 Döös [ , 2005 . He showed that by setting the outcropping latitudes of the density layers it is possible to explain the Deacon Cell from the depth differences between a Sverdrupian interior, a western boundary current and an Ekman layer, without any diapycnal flow beneath the Ekman layer. (The Deacon Cell is forced by the northward Ekman transport in the Southern Ocean.)
[9] We will here examine the Deacon Cell by using Lagrangian trajectories from an ocean general circulation model. Such trajectories are a good tool for examining the three-dimensional pathways (Figure 2 ) of different water masses. Our main purpose here, however, is not to obtain new results about these pathways, but rather to quantify how they give rise to the Deacon Cell in the meridional stream function. In this way we obtain a geometrical explanation of the Deacon Cell, and show how it arises as a superposition of the isopycnal flows of separate water masses. This will be achieved by decomposing the Deacon Cell into partial Lagrangian stream functions computed from trajectories.
[10] The ocean circulation model is presented in section 2, the stream function calculations in section 3, the results of the Lagrangian decomposition in section 4, followed by the conclusions in section 5. There is also an appendix on the Lagrangian stream function definition.
OCCAM Model
[11] The model data used in this analysis were taken from the OCCAM model [Coward and de Cuevas, 2005; Marsh et al., 2005a Marsh et al., , 2005b . This is a fully global z-level primitive equation model, which includes an explicit free surface, a KPP mixed layer, an isoneutral mixing scheme, a partial bottom cell scheme and a sea-ice model with elasticviscous-plastic dynamics and three layer thermodynamics. A detailed model description is given by Coward and de Cuevas [2005] .
[12] Several features allow the model to capture the spatial and temporal variability of the upper ocean. The eddy-permitting horizontal resolution 0.25°Â 0.25°is combined with high vertical resolution, comprising 66 levels with 14 in the top 100 m. Surface forcing was provided by a set of high frequency atmospheric fields and a realistic bulk formulation. Six-hourly fields of wind speed, air temperature, specific humidity and sea level pressure, and monthly average fields of precipitation, cloudiness and incoming short-wave radiation were combined with the model top level temperature to compute the momentum, heat and freshwater fluxes to be applied at each time step. The input data for the period 1985 -2003 were supplied by NCAR, and the data and formulation are described by Large et al. [1997] .
[13] In-depth analyses of this run are underway. Within the published literature, Marsh et al. [2005a Marsh et al. [ , 2005b examine the simulated North Atlantic. Some deficiencies in the representation of the deep overflows at high latitudes and the exact path of the Gulf Stream are found, but these are common in this class of models and at this resolution. Döös [1995] and Blanke and Raynaud [1997] . TRACMASS makes it possible to follow a chosen water mass both forwards and backwards from any section in the ocean. Each trajectory is then associated with a certain transport. This transport is integrated vertically or horizontally in order to construct a stream function. The Lagrangian resolution is the number of released trajectories per area from a cross section in the ocean. It was shown by Döös [1995] that if a sufficient number of trajectories are used, the result converges to the usual Eulerian stream function.
Meridional Overturning Stream Functions
[15] The meridional overturning stream function is a convenient diagnostic tool for studying the vertical-meridional transports. It can be calculated as a function of either depth of density, and in both cases it can be computed either directly from the Eulerian velocity field or from a selection of Lagrangian trajectories. The mathematical expressions of these different stream functions will be presented in this section.
Eulerian Meridional Overturning Stream Function
[16] The meridional overturning stream function displays the transport on the vertical-meridional plane, with constant transport in Sv (10 6 m 3 /s) between the streamlines. It is usually calculated as a function of latitude and depth, which means that its value gives the total meridional transport between the western and eastern coasts at a certain latitude and below a certain depth. The exact definition is in this case 
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For simplicity this has been written in Cartesian coordinates, although spherical coordinates as in the OCCAM model are used in the calculations. Here v(x, y, z, t) is the meridional velocity, and x, y, z the zonal, meridional and vertical coordinates. Note that the velocity is first integrated vertically from the bottom of the ocean H to a fixed depth z, and then zonally from the western longitude x W to the eastern longitude x E , which can be the same longitude if the integration is done over the entire world ocean. A time average is finally taken between t 0 and t 1 . This is done since the meridional Ekman transport varies strongly in time, which results in strong north-south barotropic fluctuations. The Eulerian overturning stream function as defined in equation (1) is presented for the Southern Ocean in Figures 1 and 3a .
[17] The overturning stream function can be calculated as a function of density instead of depth [Döös and Webb, 1994] . In this case its value gives the total meridional transport at a certain latitude and below a certain isopycnal (density surface). The advantage of using density as a vertical coordinate is that the ocean circulation has a tendency to follow the isopycnals rather than fixed depth surfaces. We thus have:
where z(x, y, s, t) is the depth of the isopycnal s. Note that the time integration is performed last, and not directly on the meridional velocity. This is essential, since the depth of the isopycnals vary in time. If the stream function were instead calculated with the time averaged meridional velocity field and the time averaged isopycnals, one would not capture the eddy transport. The eddy transport can be extracted by taking the difference between these two stream functions.
[18] Strictly speaking, it is only possible to define the overturning stream function as a function of density if the model is in a statistical steady state, i.e., if the ispocynals do not drift over the years. In the present study, there is a deepening of the ispocynals in the Southern Ocean of a few tenths of meters between 1991 and 2002, which corresponds to an uncertainty of this stream function of a few Sverdrups.
[19] The potential density s must be defined relative to a certain depth. In the present study we have chosen to present only the results with s 0 , i.e., relative to the surface of the ocean. Only minor differences were obtained when calculating the overturning stream function as a function of s 3 (relative to 3000 m).
[20] The overturning stream function as a function of density, as defined in equation (2), is the ''Eulerian'' stream function shown in Figure 4a . It should be pointed out that this stream function is not strictly Eulerian, since the isopycnals are time dependent. The word ''Eulerian'' is used here since the integration is done directly from the velocity fields, in contrast to the ''Lagrangian'' stream function (to be defined below), which is calculated from trajectories.
[21] The overturning stream function with density as vertical coordinate looks rather different from the one with depth as a vertical coordinate. Some of these differences are of dynamical importance, such as the vanishing of the Deacon Cell when using density coordinates. Other differences, however, are only of cosmetic nature, and caused by the fact that the ocean tends to be strongly stratified near the surface and weakly stratified in the deep ocean. This leads to a better resolution of the stream function as a function of density in the region with strong stratification (e.g., the tropical upper ocean). The opposite is true for the deep ocean, where the stratification is weak. This explains, for example, why the streamlines are extremely close in the interval 27.8 < s 0 < 28.0, which contains the whole bottom cell involving the AABW.
Lagrangian Stream Function
[22] The Lagrangian overturning stream function, like the corresponding Eulerian stream function, measures the meridional transport between the coasts and below a depth surface or an isopycnal. However, it is calculated quite differently. Trajectories are followed between specified initial and final sections. In this study we have chosen two sections: (1) a meridional-vertical section in the Drake passage between South America and Antarctica, at the constant longitude of 67°W and (2) a zonal-vertical section around the world along the latitude 30°S. The trajectories are followed from one of the sections until they intersect either of them again, as schematically shown in Figure 2 . If the two sections are filled densely with starting points, the resulting trajectories will fill the entire water volume south of 30°S. A certain transport is associated with each trajectory, such that the value of the Eulerian overturning stream function can be obtained anywhere by summing over all trajectories that intersect the zonal-vertical section at the corresponding latitude below a depth surface or isopycnal.
[23] Since the trajectories conserve their volume transport from the initial section to the final section, there are no sources or sinks between these sections. The corresponding velocity field is therefore nondivergent, which allows us to calculate stream functions. In the Drake Passage, however, there are sources and sinks, since trajectories start and stop there. The stream function can therefore not describe the flow in the Drake Passage itself correctly.
[24] The mathematical expression for the Lagrangian stream function is given in the Appendix. The Lagrangian stream function itself is shown in Figures 3b and 4b . If the [25] The advantage of using the Lagrangian stream function is that it can then be decomposed into partial stream functions, introduced by Blanke et al. [1999] . These contain contributions from different classes of trajectories, which are closely related to water masses. This will be done in the next section.
[26] Two kinds of Lagrangian and Eulerian overturning stream functions have been calculated in the present study:
(1) as a function of depth and latitude in Figure 3 and (2) as a function of density and latitude in Figure 4 .
Lagrangian Decomposition
[27] By calculating millions of trajectories we have reconstructed the meridional and barotropic stream functions. The trajectories are time dependent in the sense that the velocity field was updated every 5 d during the integration, using the OCCAM simulation between 1991 and 2002. Trajectories were released every 5 d during the whole period. They were looped in time, so that after the end of 2002 the velocity field was returned to the beginning of 1991. This introduces a jump both for the velocity field and the density field, which may result in an error in the Lagrangian stream function. This error can be estimated by taking the difference between the Eulerian stream function and the Lagrangian stream function. It should however be recognized that this difference also includes other errors, such as errors due to time sampling and trajectory accuracy.
[28] The Lagrangian stream function is obtained by summing over trajectories that have been followed from the two vertical sections (Drake Passage and 30°S, denoted ''North'' in the figures), until they intersect either of the sections again. The trajectories are divided into the following four classes, depending on their initial and final sections: (1) Drake Passage to Drake Passage, (2) North to North, (3) Drake Passage to North, and (4) North to Drake Passage. They are illustrated schematically in Figure 2 , which shows the most typical paths that contribute to the Deacon Cell.
[29] This Lagrangian decomposition has been performed for two types of stream functions: (1) the meridional as a function of depth presented in Figure 3 and (2) the meridional as a function of density in Figure 4 . The subfigures (e -h) in Figures 3 and 4 show the contributions of the four different trajectory classes to the various stream functions. The sum of the last two classes, i.e., Drake Passage to North and North to Drake Passage, is shown in Figures 3d and 4d .
The four possible paths are illustrated in Figure 5 , where a selection of trajectories are superimposed on the Lagrangian stream functions.
[30] The method is validated by summing the four Lagrangian routes and comparing it to the Eulerian stream functions. ''Total Lagrangian'' refers to the sum of the four routes. ''Lagrangian -Eulerian'' refers to the difference between this sum and the Eulerian, which is the error of this method. The error is small everywhere, and it is very likely that it would be even smaller if more trajectories were computed.
[31] Since trajectories begin or end in the Drake Passage, the transport field has artificial sources and sinks there. This means that the partial stream functions are not valid between the latitudes 55°S and 61°S. When they are added together to form the Total Lagrangian stream function, the sources and sinks cancel, so that this stream function is valid everywhere.
[32] We define the Deacon Cell as all the streamlines (isolines of the meridional stream function in depth coordinates) that recirculate in the Southern Ocean, with a northward transport near the surface and a southward return flow in the deep ocean. Values of the Deacon Cell and its components have been calculated from the overturning stream functions in Figures 3 and 4 and are presented in Table 1 . The values have been calculated by taking the difference of the stream function between its center where it has its maximum amplitude of 27 Sv (located at the depth of 82 m and the latitude of 49°S) and the northernmost streamline that returns southward in the Southern Ocean, which is 7 Sv (located at the depth of 1080 m and the latitude of 36°S). The difference is 20 Sv, which is the amplitude of the Deacon Cell. With this definition only trajectories passing between these points will contribute.
[33] The same principle is used to calculate the diabatic Deacon Cell, with the stream function as a function of density. The two positions defining the diabatic Deacon Cell will however not be the same, since it is important to redefine the maximum and the northernmost streamline that returns southward in latitude and density coordinates. We have chosen to define the diabatic downwelling of the Deacon Cell as the difference between the maximum of the stream function as a function of density in the Southern Ocean, which is located at (27.2 kg/m 3 ; 45.5°S), and its value in the saddle point to the north, at (27.4 kg/m 3 ; 33.0°S). The resulting diabatic Deacon Cell is only 2 Sv. This diabatic or cross-ispoycnal flow must be due to some sort of mixing. 
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DÖ Ö S ET AL.: LAGRANGIAN DECOMPOSITION OF THE DEACON CELL
[34] Note that our definition of the ''diabatic Deacon Cell'' is different than the one used by Speer et al.
[2000]. While we define this cell by the streamlines that close in the Southern Ocean, Speer et al. [2000] include the entire flow that upwells to the surface and is then forced northward by the winds. With this definition they estimate the strength of the ''diabatic Deacon Cell'' to be 20-25 Sv, using observations of air-sea fluxes from the COADS data set. The corresponding value for the OCCAM simulation is 13 Sv.
[35] The Drake to Drake contribution to the Deacon Cell accounts for 6 of the 20 Sv. The overturning of the Drake to Drake partial stream function is 10 Sv, but the maximum of this cell is not located in the center of the Deacon Cell but deeper and further south. Thus an important effect of this contribution that is not captured by our quantitative definition is that in broadens and deepens the Deacon Cell.
[36] Figure 3g shows streamlines going from the surface of the ocean down to a depth of over 3000 m. However, as illustrated by a few individual trajectories in Figure 5 , no trajectories follow these streamlines. Instead, the trajectories form thin loops in the shallowest 1000 m, and thicker ones in the deep ocean. It is only when these are superimposed that the deep streamlines appear, with a fictive downwelling. It is fictive in the sense that no water particles actually flow in this way. The thin cells can be explained by the eastwest slope of the ACC, with a shallower northward Falkland current near South America and a slightly deeper southward flow in the rest of the ACC. This is illustrated by the trajectories in the magnified plot in Figure 6 .
[37] The North to North component accounts for 5 Sv out of the Deacon Cell's 20 Sv, see Table 1 . This contribution to the Deacon Cell comes from at least three types of circulations. (1) The subtropical gyre in the Indo-Atlantic illustrated by the pink and orange trajectories on the North to North part of Figure 5 . These thin cells around 2500 m are formed by a shallower southward western boundary current along the South-American coast and a deeper return flow toward the north. (2) The so-called warm water path that carries warm water from the Indian to the Atlantic Ocean south of south Africa, which is illustrated by the green and dark blue trajectories. (3) The ''Tasmanian Leakage'', which is water flowing from the Pacific into the Indian via the East Australian Current and south of Australia [Speich et al., 2002] . This path is well represented by the light blue trajectory in the North to North part of Figure 5 .
[38] Note that all three categories mentioned above contribute to the downwelling of the Deacon Cell in a wider sense, but not necessarily as defined in Table 1 . The relative contributions of the different categories could be quantified by further subdividing the trajectory class North to North. There is also in addition to these paths a deep North to North route of NADW, illustrated by the yellow trajectory, which mixes with the AABW in the Southern Ocean and then continues north in the Pacific Ocean. This route does not contribute to the Deacon Cell but to the deep blue clockwise cell in Figure 3a .
[39] The remaining 9 Sv of the Deacon Cell is due to a superposition of the deeper southward flow and the shallower northward flow between the Drake Passage and the northern boundary, as seen in Figures 3d-3f . Both these flows are almost isopycnal in the deep ocean, as can be seen in Figures 4e -4f. (Only the streamlines for the least dense water are diapycnal, corresponding to surface water that changes buoyancy by contact with the atmosphere.) Nevertheless, when they are superimposed as in Figure 3d , they give a net downward velocity around 40°S. Besides a possible contribution from a time correlation between density fluctuations and particle displacements, this is caused by the fact that the northward flow occurs in the interior of the ocean, where the isopycnals slope downward toward the equator, while the southward flow occurs primarily in western boundary currents, where the isopycnals are flatter. Figure 6 . Magnified plot of two of the Drake to Drake trajectories in Figure 5 . Red denotes the part of the trajectories that is situated in the northward Falkland current, near the South American coast, while the blue part is somewhere else in the Antarctic Circumpolar Current (ACC).
[40] As seen in Figure 4f , there is also a slight but distinct downward ''bump'' in the southward flow around 40°S, which contributes to the Deacon Cell. This is mainly caused by the water just entering the ACC from the North, in the Brazil current and the Agulhas retroflexion. This bump might be explained by the slightly shallower southward western boundary currents compared to the deeper ACC as schematically illustrated in Figure 7 . However, we have not been able to understand this phenomenon in detail.
[41] To show the different character of the northward and southward flows, we have plotted the partial contributions to the barotropic stream function along the latitude circle 40°S in the lower panel of Figure 8 . (The same partial barotropic stream functions are shown by the gray scale in Figure 5 .) The upper panel shows the bottom topography and the meridional velocity along the same latitude circle. We see that the southward flow (curve ND, in red) occurs mainly in three distinct boundary currents: along the Argentinean coast, along the eastern slope of the MidAtlantic ridge and along the east coast of New Zealand, besides a strong but less distinct southward flow in the Agulhas retroflexion.
[42] The northward flow (curve DN, in yellow), by contrast, occurs in broad regions, mainly in the western Atlantic between 50°W and 20°W, in the Indian Ocean between 60°E and 140°E, and in the Pacific Ocean between 180°E and 280°E. It can also be seen from the Drake!North panels of Figures 3 and 5 that the northward flow occurs in two distinct depth intervals: a shallow one in the Ekman layer and the thermocline, containing Antarctic Intermediate Water (AIW), and a deep one at a depth of 3500-5000 m, containing Antarctic Bottom Water (AABW). This is in accordance with Drijfhout et al. [2005] who traced the origin of the AAIW with OCCAM and validated these results against observations. The AABW mainly crosses the 40°S latitude circle around 40°W in the Atlantic and 195°E in the Pacific.
[43] North of 30°S, the meridional stream function in depth coordinates has two main overturning cells in the deep ocean, in OCCAM as in most other OGCMs. Below the thermocline and down to a depth of 3500 m the water (essentially NADW) flows southward. The northward return flow has two branches: an upper one above the southward flow (AIW) and a lower one below it (AABW), resulting in two cells. In the Southern Ocean, this simple structure is interrupted by the Deacon Cell. Toggweiler and Samuels [1995] argued that if the eddy contribution is taken into account, the two-cell structure can be continued southward of 60°S, where NADW is transformed to AIW by the surface buoyancy fluxes. They also argued that this transformation is driven by the northward Ekman flow and the associated upwelling. Hence the southward flow of the NADW and the convection in the North Atlantic are ultimately driven by the Southern Ocean winds. Speer et al. [2000] , on the other hand, argued for a modified picture, in which the NADW only participates in the lower branch of the return flow, being converted to AABW, while the water that upwells to the surface, where it gains buoyancy and is forced northward by the winds, consists of Upper Circumpolar Deep Water (UCDW) and AIW. They also estimated that this upper branch (the ''diabatic Deacon Cell'', in their definition) has a strength of 20-25 Sv.
[44] The idea of Toggweiler and Samuels [1995] and many others, that the simple two-cell structure of the deep circulation continues much further southward than 30°S if one considers the motion of actual water particles, has been confirmed many times by looking at the stream function in density coordinates. Our partial stream functions offer a new way of seeing this directly in latitude-z-space. Figures 3e and 3f clearly show that the simple southward and northward flows continue all the way to 60°S. We also see in Figure 3f that the southward flow occurs at essentially all depths above 3500 m, and thus includes water lighter than NADW. Since our partial stream functions are not valid in the latitude band of Drake Passage, we cannot examine the details of how the southward and northward flows connect with each other. However, according to the overturning stream function in density coordinates in Figure 4a , the water that upwells to the surface and is then forced northward by the Ekman flux consists of NADW, and the strength of this upward branch in OCCAM is 13 Sv. This value is comparable to the one reported by Treguier et al. [2007] , but smaller than the 18 Sv obtained by Hallberg and Gnanadesikan [2006] .
Discussion and Conclusions
[45] The present study contains a description of the Deacon Cell as simulated by the OCCAM model during Döös and Webb [1994] , according to which the Deacon Cell does not transport water from the surface layers down to the deep ocean and most of the overturning circulation takes place along the isopycnals.
[46] In recent years there has been a lively discussion of the fundamental nature of the global overturning circulation. Some maintain that this circulation is ultimately forced by the small-scale mixing, which allows the deep water created by convection to upwell through the thermocline [Munk and Wunsch, 1998 ]. Others, starting with Döös [1994] and Toggweiler and Samuels [1995] , argue that NADW upwells to the surface in the Southern Ocean, forced by the winds, with little need for small-scale mixing. Our study is not focused on this issue, since it is confined to the Southern Ocean. However, from the global overturning stream function in density coordinates (which is not shown here), it can be seen that the NADW in OCCAM flows to the Southern Ocean with very little diapycnal flow into the thermocline. Some of it is then transformed to AABW by cooling at the surface. The AABW is then converted back to NADW in the deep interior of the ocean, and for this, small-scale mixing is necessary. Thus at least in OCCAM, it seems that the upper overturning cell in the deep ocean is driven by the winds, while the lower cell is driven by the small-scale mixing.
[47] All the calculations in the present study have been made using time dependent velocity and density fields. This is crucial in order to include the time correlations between the velocity and density fields when calculating the stream function as a function of density. In addition, the time dependency will change the chaotic nature of the Lagrangian trajectories, which in turn will affect the paths described in the present study. Drijfhout et al. [2003] studied the eddy-induced transports by splitting the velocity into an Eulerian time mean and a bolus part due to the time correlations. It would be interesting, but far beyond the scope of the present study, to split the Lagrangian stream functions into a truly time dependent part and a part obtained from the stationary fields.
[48] The main difference between passive tracers and Lagrangian trajectories is that the trajectories do not include the diffusion term. The diffusion term is included in the tracer equation for two reasons: (1) to parameterize the subgrid motion that will mix the tracer between the model grid cells and (2) to stabilize the circulation model numerically. It is generally for this second reason the horizontal diffusion coefficient is set to a greater value than would be required to parameterize the subgrid scale motion. It would be interesting to trace the water masses with passive tracers, and compare the results with those obtained with Lagrangian trajectories in the present paper. However, this would require more computer power that is possible today with an eddy resolving model.
[49] The diabatic part of the Deacon Cell is in our study is only 2 Sv compared to 20 Sv for the Deacon Cell in depth coordinates. Most of the Deacon Cell is hence due to depth and slope differences between northward and southward isopycnal flows in the Southern Ocean. This is clearly seen for the ACC, where the depth difference between the relatively shallow northward current near the South-American coast (the Falkland Current) and the deeper southward flow of the rest of the ACC causes the trajectories to form thin cells. The subtropical gyre similarly produces thin cells, with a shallower southward western boundary current than its northward return flow in the interior. When these thin cells are superimposed, they form a single deep cell, as seen in Figures 3g, 3h and 5. Figure 7 illustrates schematically how these thin cells contribute to the Deacon Cell.
[50] Figure 4 shows that the flow in the Southern Ocean is almost isopycnic. Since isopycnic surfaces are fairly flat, any cells involving real pathways must therefore be thin. Thus the conclusion that the Deacon Cell is composed of many thin cells comes from comparing Figures 3 and 4 . Additional information about the geography of the cells comes from studying individual trajectories, such as those shown in Figures 5 and 6 .
[51] The effect of the north-south exchange of water between Drake Passage and the northern boundary is due to the same type of east-west depth differences. The southward flowing water in the western boundary currents deepens slightly when crossing from the subtropical gyre into the ACC (at approximately 40°S), but with no diapycnal flow. Together with the northward flowing water, which is forced to downwell by the Ekman pumping, this produces a 10 Sv contribution to the Deacon Cell. Additional information about the geography of these flows comes from the partial stream functions in Figures 5 and 8 .
[52] The several thousand meters deep Deacon Cell is therefore only a 2-D projection of many thin 3-D isopycnal cells in the Southern Ocean.
Appendix A: Lagrangian Stream Function
[53] The Lagrangian stream function is calculated by summing over selected trajectories describing the paths that one wants to study. This method was first introduced by Blanke et al. [1999] . In this way one can isolate a particular water mass by following a set of trajectories between a specific initial section and a final section. Each trajectory, with the index n, is associated with a volume transport (T n ) in m 3 /s determined by the velocity and the area of the initial section as well as the number of trajectories initiated per grid box.
[54] All the trajectories are traced from an initial section to an end section during which they conserve their volume transport. There is hence no volume sinks or sources between the initial and final sections. The corresponding velocity or transport fields is therefore nondivergent, which allows us to calculate stream functions.
[55] The volume transport of each trajectory is inversely proportional to the number of trajectories that are calculated from their initial section. This might be regarded as the ''Lagrangian resolution'', which should be high enough to ensure that the Lagrangian stream function does not change by further increasing the number of trajectories. The trajectories are summed up on the model grid, so that every time a trajectory passes a grid wall it is registered. In this way one obtains a nondivergent three dimensional field that corresponds to the volume transport for these trajectories. Every trajectory that enters a model grid box will also leave this grid box. Hence the transport field exactly satisfies the following relation: 
